To understand how novel functions arise, we must identify common patterns and mechanisms shaping the evolution of new genes. Here, we take advantage of data from three Drosophila genes, jingwei, Adh-Finnegan, and Adh-Twain, to find evolutionary patterns and mechanisms governing the evolution of new genes. All three of these genes are independently derived from Adh, which enabled us to use the extensive literature on Adh in Drosophila to guide our analyses. We discovered a fundamental similarity in the temporal, spatial, and types of amino acid changes that occurred. All three genes underwent rapid adaptive amino acid evolution shortly after they were formed, followed by later quiescence and functional constraint. These genes also show striking parallels in which amino acids change in the Adh region. We showed that these early changes tend to occur at amino acid residues that seldom, if ever, evolve in Drosophila Adh. Changes at these slowly evolving sites are usually associated with loss of function or hypomorphic mutations in Drosophila melanogaster. Our data indicate that shifting away from ancestral functions may be a critical step early in the evolution of chimeric fusion genes. We suggest that the patterns we observed are both general and predictive.
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Drosophila ͉ neomorph L earning how organisms generate novel functions in response to environmental change or other evolutionary challenges is critical to understanding adaptation. Unfortunately, we know little about the patterns and processes governing the evolution of novel functions. A common way to find general principles underlying evolution is to describe as many examples as possible and sift through them for commonalities. Functional novelties, however, derive from a variety of genes and may involve a variety of genetic changes. The types of derived, novel functions that arise may depend on the particular ancestral functions of their progenitors. This heterogeneity can obscure general patterns or processes. This problem may be overcome by identifying multiple cases of evolution of novel function that arose from a shared ancestral function. In this scenario, the parallel divergence from a shared ancestral function could expose the evolutionary potential and constraints associated with transitions from old to new function, even if the novel functions are not yet fully understood.
Beginning with Haldane (1), evolutionary geneticists have hypothesized that gene duplication is a potential source of genetic novelty (2) (3) (4) (5) . Whole-genome sequencing has shown that gene duplications are common (e.g., refs. 6 and 7). It also is clear that gene duplications can take a variety of forms and that these different forms may differ fundamentally in their evolutionary fates. For instance, in cases of whole-genome duplications, the duplicated copies retain ancestral linkage relationships and may eventually subfunctionalize (8) . In contrast, retrogenes, genes formed by the retrotransposition of an mRNA back into genomic DNA, show a clear pattern of moving from the X chromosome to the autosomes in Drosophila and humans and may tend to acquire new male-specific expression (9) (10) (11) .
Chimeric fusion genes (CFGs) are novel genes formed when two previously independent genes merge into a single contiguous ORF (but see refs. 12 and 13). The formation of CFGs often involves duplication of one or both of the ancestral genes. Unlike retrogenes and most other types of gene duplications, the chimeric nature of the proteins coded for by CFGs causes them to be immediately different from either parent. It is likely that these radically altered genes, if they invade and fix in a population, do so because they have a novel function that is advantageous to the organism. Therefore, these genes should show strong evidence of adaptive evolution. The evolutionary processes shaping these genes, however, have not been systematically studied, because relatively few CFGs have been identified and sufficiently characterized.
Here, we address this issue by taking advantage of a remarkable instance of parallel evolution associated with Drosophila Adh. We use sequence data from three novel Adh-derived CFGs in Drosophila, jingwei, Adh-Finnegan, and Adh-Twain, to look for shared patterns of molecular evolution. jingwei is found in Drosophila yakuba, Drosophila santomea, and Drosophila teissieri and arose Ϸ2 million years ago (ref. 14 and M. Long, personal communication). Adh-Finnegan is found in several species of the repleta group and arose between 20 million and 30 million years ago (15) (16) (17) . Adh-Twain is found in Drosophila subobscura, Drosophila guanche, and Drosophila madeirensis and arose roughly 3 million years ago (18, 19) . This data set is unique in several ways. First, all three genes arose independently. Second, each gene exists in multiple species, for several of which we have sequence data. Third, and most critically, all three genes involve the fusion of the alcohol dehydrogenase gene (Adh) with the 5Ј end of another gene. These data allow us to compare what happens when the same ancestral protein function is coopted into novel function across three analogous yet independent evolutionary events.
Methods
We investigated the patterns of DNA evolution at three loci: Adh-Finnegan (Drosophila buzzatii, Drosophila hydei, Drosophila mettleri, Drosophila mojavensis, and Drosophila mulleri), AdhTwain (D. subobscura, D. guanche, and D. madeirensis), and jingwei (D. teissieri and D. yakuba). These DNA sequences were obtained from GenBank as follows: Adh-Twain-related, X55390, X55391, M55545, X60112, U68470, U68469, X60113, U68472, U68471, AF175211, AE003805, and AY874360-AY874378; jingwei-related, S57937, S57972, X54117, and X54119; and AdhFinnegan-related, U76468-U76486 and U77607-U77610.
For consistency, we conducted all of our phylogenetic analyses by using PA ML software (http:͞͞abacus.gene.ucl.ac.uk͞ software͞paml.html), a suite of maximum likelihood-based tools for combining DNA sequence and phylogenetic data to test molecular evolutionary hypotheses (20, 21) . For the species studies here, the phylogenetic relationships are well known (17, (22) (23) (24) There are three major steps to using PAML: (i) choice of appropriate model, (ii) parameterization of that model, and (iii) stepwise comparison simpler to more complex hypotheses by using log-likelihood ratio tests using these models to see which is a superior fit to the data. We used the codon model (codeml; refs. 20 and 25) for all analyses because we limited ourselves to the ORFs of the genes of interest and had DNA sequence data. For the analyses discussed in Results, our a priori hypothesis is that the lineage created by the formation of the CFG will experience more rapid evolution than the Adh lineages. We then analyzed the evolution of the Adh-derived sequences of each CFG independently. Twice the difference in the log-likelihood (2⌬l), which is Ϸ 2 distributed for the relevant degrees of freedom, was used to estimate a P value. Most significant results had P Ͻ 0.001. In general, the estimated codon table fit the data the best, except in the repleta group analysis, where the estimated codon table was only marginally better than the F3 ϫ 4 model (P ϭ 0.0331). For consistency across analyses, we use the estimated approach, anyway. When appropriate for the analysis, and were estimated (see ref. 19 ; as necessary, convergence to maximum-likelihood estimates was verified by changing the small-difference parameter (see ref. 20, p. 19) . Reconstruction of ancestral sequences was done by using both joint and marginal reconstruction (26) . These sequences were typically identical regardless of method. Testing for selection early in the evolution of each fusion gene is described in Results.
Stepwise statistical methods such as PAML typically involve making many tests of a hypothesis. This approach can lead to a multiple testing problem when determining the significance of P values. For the analyses detailed in Results, most P values are robust to a Bonferroni correction. Any exceptions are noted.
We obtained 61 complete Adh coding sequences from GenBank (accession numbers available upon request) for the following species: Drosophila adiastola (Adh1 and Adh2), Drosoph (27) to create a multiple alignment of these sequences. We identified invariant sites by simply scanning these sequences for sites at which the amino acid did not vary in any species. We then contrasted these sites to the 52 D. melanogaster Adh mutations for which the molecular basis of the mutation is known that we identified in FlyBase (www.flybase.org).
There are two additional amino acids coded for in Adh in some of the taxa listed above. We ignored these sites in our analysis because they cannot be aligned in all taxa. Amino acid residue positions described below are in terms of the smaller Adh.
Within species, DNA polymorphism at Adh and CFGs can influence both the PAML analysis and the alcohol dehydrogenase (ADH) protein analysis. In the PAML analysis, polymorphism may slightly inflate the rate of evolution (both synonymous and nonsynonymous) for all tip branches (Adh and CFG). The reconstructed branches, which are derived from multiple sequences, should be less susceptible to this bias. In the Adh analysis, polymorphism will reduce the number of sites that we define as invariant.
Results
Early Adaptive Evolution of CFGs. By comparing the ratio of nonsynonymous to synonymous substitutions (Dn͞Ds), we can determine whether rapid amino acid evolution along a branch of a phylogeny is consistent with adaptive evolution. Ratios less than 1 imply functional constraint on the amino acid sequence of a protein. Ratios around 1 are consistent with low functional constraint or neutral evolution of a protein. Ratios greater than 1 suggest directional selection on the protein. Jones et al. (19) reported that the Adh region of Adh-Twain in D. subobscura, D. madeirensis, and D. guanche shows strong evidence for adaptive evolution shortly after the formation of this CFG (Dn͞Ds Ͼ Ͼ 1). After the speciation of D. subobscura and D. guanche, the Dn͞Ds ratio drops well below 1 (0.399), consistent with increasing functional constraint, although this ratio is still nearly an order of magnitude greater than the ratio observed for Adh in these lineages (0.0411).
Long and Langley (14) and Begun (16) both suggested that there was an elevated rate of amino acid substitution after the formation of jingwei and Adh-Finnegan, respectively. Codonbased maximum-likelihood models of sequence evolution were not available at the time of these earlier papers. Jones et al. (19) , however, did use these models for their analysis of Adh-Twain in D. subobscura and its relatives. For consistency, we reanalyzed the data from jingwei and Adh-Finnegan by using these modern tools.
To determine whether the pattern observed for Adh-Twain was mirrored by jingwei and Adh-Finnegan, we used maximum likelihood to compare models of sequence evolution. Adh-Twain analysis by Jones et al. (19) suggested at least three distinct Dn͞Ds ratios along the branches of our gene trees of the CFGs and their Adh paralogs. Most branches of the tree, including the CFG ancestor, should have one ratio. The branch immediately after the formation of the CFG should have a different ratio. The extant CFG branches should have a third ratio (three-ratio model).
Using Adh and jingwei sequences from D. melanogaster, D. orena, D. tessieri, Drosophila tsacasi, and D. yakuba, we showed that a three Dn͞Ds ratio model was best. We compared this three-ratio model to a one-ratio model (all branches are constrained to a single Dn͞Ds ratio), to a free-ratio model (all branches have independent Dn͞Ds ratios), and to a two-ratio model (jingwei branches have one Dn͞Ds ratio, all other branches have a different ratio). The three Dn͞Ds ratio model fit the data better than the one-ratio model (three-ratio model ln l ϭ Ϫ1800.72. in which l is likelihood; one-ratio model ln l ϭ Ϫ1815.24; three vs. one ratio, 2⌬ln l ϭ 29.04, df ϭ 2, P Ͻ 0.0001), and better than the two-ratio model (two-ratio model ln l ϭ Ϫ1804.43; three vs. two ratio, 2⌬ln l ϭ 7.42, df ϭ 1, P ϭ 0.0065). The more parameter-rich free-ratio model did not fit the data significantly better than the three-ratio model (free-ratio model ln l ϭ Ϫ1792.31; three vs. free ratio, 2⌬ln l ϭ 16.82, df ϭ 9, P ϭ 0.052). We also explored a few other variations of these models, none of which fit the data significantly better than the three-ratio model (data not shown).
Although the Dn͞Ds ratio is Ͼ1 for the branch immediately after the formation of jingwei, the signal of adaptive amino acid substitutions is not as strong as that observed for Adh-Twain (early jingwei branch, Dn͞Ds ϭ 1.27; later jingwei branches, Dn͞Ds ϭ 0.123; and Adh branches, Dn͞Ds ϭ 0.036). Neverthe-
. This pattern also is consistent with that observed for Adh-Twain. It is worth noting that if the distant outgroup D. tsacasi is removed from the analysis, the three-ratio model is still highly supported (three-vs. two-ratio, 2⌬ln l ϭ 11.4, df ϭ 1, P ϭ 0.0008). In this case, the Dn͞Ds ratio is substantially Ͼ1 (we estimated 12 nonsynonymous substitutions to 0 synonymous substitutions).
Adh-Finnegan is older than jingwei and Adh-Twain and is present in a large number of repleta group species (15, 16) .
Comparison of Adh-Finnegan to Adh in this group is complicated by the existence of several Adh duplications in these lineages. Despite these differences from the earlier analyses, the overall pattern remains the same. Again, the three Dn͞Ds ratio model fits the data better than the one-ratio model (three-
Dn͞Ds is 2.67 for the branch immediately after the formation of Adh-Finnegan, which again suggests early adaptive evolution in the Adh region of Adh-Finnegan. As observed in Adh-Twain and jingwei, the amino acid substitution rate at Adh-Finnegan dramatically slows after this initial round of adaptive evolution (later Adh-Finnegan branches, Dn͞Ds ϭ 0.096; Adh branches, Dn͞Ds ϭ 0.080).
These three analyses suggest that the proteins of all three CFGs evolved adaptively shortly after they were formed (Fig. 1) . Subsequent evolution was more constrained although typically more rapid than what is normally observed at Drosophila Adh.
Locations of Early Amino Acid Substitutions. The early burst of adaptive amino acid evolution in these three fusion genes suggests a fundamental similarity in the tempo of evolution at these novel genes. We next investigated whether there was similarity among the novel proteins as to which amino acids evolved.
We used the reconstructed ancestral states to identify the amino acid changes that occurred shortly after the formation of each novel gene. We then compared the CFGs with each other and determined how often the same amino acid position changed in a pair of these genes. As Table 1 shows, many of the same amino acids changed in all three CFGs. We used a binomial test to determine the probability that we would observe this overlap for each gene by chance alone (sensu ref. 28 ). This test assumes a null model in which an amino acid substitution in one fusion gene is independent of another (e.g., evolution in jingwei is independent of Adh-Finnegan), and that these substitutions can occur anywhere in the gene (as if there were no constraint as to which amino acids could change). Again, Table 1 shows us that this striking similarity of substitution pattern cannot be attributed to chance.
The above test relies on the doubtful assumption that changes are equally likely at all residues. An alternative hypothesis for the parallelism observed is that some sites in Adh are less functionally constrained than others and therefore permit more (parallel) amino acid substitutions. We tested this idea two ways. First, we determined the positions of substitutions in Adh for the equivalent branch, that is, the earliest branch leading to Adh rather than to the CFG after the formation of the CFG. Across all three CFG-Adh data sets, a total of seven amino acid changes occurred along these Adh branches, none of which were shared. Although consistent with our observation, this is insufficient data to test our hypothesis (although one would expect, based on our data for CFGs, that roughly three sites should be shared). Our second test involved determining which amino acid sites do and do not evolve in Adh. We gathered 61 Adh sequences from 55 Drosophila species and their close relatives. Of 254 homologous positions, 118 amino acid positions showed no variation in any of these species (conserved positions). These sites are likely important for Adh function. When we compared these amino acid locations with those of known null or hypomorphic mutations in D. melanogaster Adh, 32 of the 43 (74%) known amino acid-altering mutations (excluding premature stop codon mutations) occur at these conserved positions. (Several of the 11 mutations that do not occur at conserved positions are mutations to amino acids not normally observed at that site in Adh.)
However, 25% (8 of 32) of the early changes in the three CFGs occurred at conserved sites (P ϭ 0.0024 that observed changes are different from Adh-derived expectation); half (4 of 8) of these early changes that occur at conserved positions are shared by at least two CFGs. These observations strongly argue against the hypothesis that lack of functional constraint drives the similarity in the positions of amino acid changes in the Adh region of the CFGs. The alternative explanation is that strong directional selection is driving the convergent evolution at these sites.
Convergence of Early Amino Acid Substitutions. Four of the seven shared sites of early amino acid changes in Adh-Twain and Adh-Finnegan are transitions to the same amino acid. Likewise, the jingwei to Adh-Twain comparison suggests that four of the five shared amino acid substitutions were to the same amino acid. This pattern suggests a surprising degree of biochemical convergence. However, only one of the seven changes shared between jingwei and Adh-Finnegan was to the same amino acid.
One explanation for the high degree of biochemical convergence is that it is an artifact arising from some bias in our reconstruction of ancestral states. This explanation is unlikely. All reconstructed shared changes had a 95% or greater probability, except for one in Adh-Finnegan, which was only 76%. This site, however, is not one at which convergence of amino acid was observed. Second, for the sites with the same amino acid changes, we looked at the parsimony reconstruction of the site (29) . In all cases, it was generally congruent with our marginal and joint reconstructions. Third, we assessed how often these sites vary across all extant sequences in our data set. Only one of the shared changes ever varies across the Adh sequences (site 245). Three of the sites vary within the CFG lineages, two in Adh-Finnegan (sites 68 and 219), and one in Adh-Twain (site 127), but each of these changes is limited to a single species. These data suggest that the convergence observed at these sites is not a byproduct of the methods used to reconstruct these ancestral sequences.
Formally, it is possible that the observed biochemical convergence results from a strong substitution bias toward a particular base or bases. However, we observed no clear patterns of such a bias. The most common substitution was unique to each gene: in Adh-Twain, it was G to T; in jingwei, it was C to G and G to A; and in Adh-Finnegan, it was C to A. In both jingwei and Adh-Finnegan, more As substituted than any other base, although the proportions were different (43% and 58%, respectively). Ts, at 37%, were most frequent base substituted in Adh-Twain. As a further test, we compared the transition͞transversion rate ratios () among all three CFG data sets. If a shared substitution bias exists, one may expect that would be similar across these genes. We tested this idea by fixing the of one CFG-Adh data set with the estimated from the other two data sets and seeing whether this provided a better fit to the data than a estimated from that particular CFG-Adh data set. This test is conservative, because the fixed has fewer degrees of freedom than does the estimated . The estimated generally fit significantly better than the from the other CFG-Adh data sets, with one exception (analysis not shown). jingwei using the Adh-Finnegan was borderline (P ϭ 0.074, although the Adh-Finnegan with jingwei was a significantly worse fit to the data (P ϭ 0.0002). Interestingly, despite the exchangability of their transition͞transversion rate ratios, jingwei and AdhFinnegan had the least similar amino acid changes. These analyses make it seem unlikely that the shared amino acid changes observed evolved by chance. This observation leaves natural selection as the more likely explanation for the rampant parallelism observed in the data.
Discussion
Our analysis of three Adh-derived CFGs in Drosophila suggests a fundamental similarity in the temporal, spatial, and types of amino acid changes in these proteins. These proteins experienced a burst of adaptive substitution shortly after they were formed, followed by a slowing of evolution, which is consistent with increased evolutionary constraint or a slowing of adaptive evolution. The early amino acid changes often occurred at the same residues across these three proteins and at sites that do not normally evolve in Adh. Finally, our analysis suggests a surprising degree of convergence across all three proteins as to which amino acids arise at these shared, evolving residues. The early burst of protein evolution in each of the three novel genes is the easiest of these three patterns to explain. CFGs that survive are likely to be under strong directional selection, because the initial chimeric protein is probably suboptimal. The level of parallelism in the residues that evolve in these novel proteins, however, is more difficult to explain.
The parallel changes often occurred at conserved residues that are required for ADH function. Moreover, the same amino acid residue often changed in independent lineages. One possible explanation for these patterns is that selection favored diminution of canonical ADH activity early in the history of these novel proteins. In both Adh-Twain and jingwei (and presumably AdhFinnegan), the 5Ј regulatory apparatus derives from the non-Adh parent. As a result, the expression patterns of these genes mirror that of the non-Adh parent, not Adh. Adh overexpression experiments in Drosophila have shown that delayed development can result from misexpression of this gene (e.g., ref. 30) . Residual expression of Adh-like activity, shortly after the formation of a CFG, was potentially deleterious. To explain the parallelism observed both at the level of residue and in the state of the derived amino acid, we suggest that there was natural selection for reduced Adh function rather than loss of function. The large number of conserved ADH residues suggests that many amino acid sites are potentially mutable to loss-of-function alleles. Moreover, most amino acid changes at these particular sites probably result in proteins that are amorphs, or nearly so. These amorph mutations are unlikely to contribute to a successful new gene. There are, however, a few residues that are mutable to partial loss-of-function alleles, and among those, a subset of mutations that actually result in partial loss of function rather than complete or nearly complete loss of function. Although rare, these later mutations, which can reduce Adh activity while retaining a viable protein, are much more likely to contribute to a functional new gene. This hypothesis explains the early adaptive evolution of the Adh region, the similarity of the amino acid changes, and the fact that these substitutions occurred at conserved sites. Moreover, this hypothesis also may partially explain why these CFG proteins were not observed on Adh allozyme gels, although it is difficult to exclude the effects of reduced gene expression in the CFGs (14, (31) (32) (33) .
Our hypothesis, however, does not require that these CFG proteins lose the ability to catalyze the oxidation of alcohols, nor does it require that these three genes are evolving to the same new function. It requires only that the CFG catalytic activity shifts enough so that the CFG's activity no longer substantially overlaps and interferes with that of Adh (a shift in activity). Even if a CFG was beneficial at its inception, the misexpression of Adh presumably lessened the adaptive advantage conferred by this new gene. This pleiotropic drag is reduced easily by changing those sites that are critical for canonical Adh activity.
An alternative explanation for the observed pattern of convergence is that the amino acid substitutions in the CFGs restore structural aspects of the Adh protein after fusion with new 5Ј regions. This hypothesis seems less parsimonious for two reasons. First, this model does not explain the allozyme data. Second, the genes fused to the 5Ј prime ends of the Adh differ in size, amino acid composition, and ancestral function. It is unlikely that such different 5Ј stuctures would engender common structural changes in Adh.
If our shift hypothesis is true, our model suggests that genes participating in gene-fusion events are examples of neofunctionalization rather than redundancy or subfunctionalization. As neomorphs, these genes are likely examples of genes that are associated with adaptive phenotypes. Recently, Zhang et al. (34) presented biochemical evidence that the jingwei protein has indeed gained new function relative to Adh. They showed that jingwei has expanded its substrate range to include long-chain primary alcohols. Relative to Adh, jingwei shows increased specificity for long-chain alcohols such as farnesol and geraniol and decreased specificity for 1-propanol. This change in substrate preference in jingwei is consistent with the shift model, although it is important to note that jingwei and Adh both catalyze oxidation͞reduction of a broad range of substrates in vitro.
The ultimate test of the shift model is whether additional copies of novel Adh-derived proteins show similar patterns of evolution and whether other classes of novel chimeric proteins with a shared ancestral function also show rampant parallelism. This, of course, requires that more CFGs be identified. We recently detected another potential Adh-derived CFG in the genomic sequence of Drosophila ananassae on the equivalent of chromosome 2R. Like jingwei and Adh-Twain, this gene appears to be derived from an Adh retrosequence with an ORF extending 5Ј of the normal Adh start codon. Comparison of this gene with the D. ananassae Adh shows that the Adh retrogene has diverged similarly to the three previously described CFGs. Of the changes that occurred in the D. ananassae retrogene, 22% occurred at the conserved sites described above. Nine of the 11 early amino acid changes observed in jingwei also occur in the D. ananassae gene. Six of the 14 early amino acid changes in Adh-Twain also are found in the D. ananassae gene. Fifteen of the 24 early substitutions in Adh-Finnegan also are found in the D. ananassae novel gene. Although additional evidence is needed to prove that this potential fusion gene is an actual gene, the fact that the D. ananassae gene exhibits the exact same patterns of substitution as observed in the other three Adh-derived CFGs supports our model. Overall, our data suggest that the ancestral function of a *Percent and number of the early amino acid changes in the gene listed first found in the early amino acid changes found in the second gene. † A binomial test was used to determine the probability that this overlap is due to chance (see text).
protein can severely limit the diversity of evolutionary trajectories it can follow as it evolve toward some novel function. Clearly, however, functional data from all four novel Adh-derived genes will be needed to further test this idea.
Several additional hypotheses can be tested as new CFGs are identified and as we develop a deeper understanding of the CFGs already identified. First, Devor and Moffat-Wilson (ref.
35; see also ref. 36 ) have shown that short, conserved, widely expressed genes tend to contribute more retrogenes in humans. These short, widely expressed genes also may contribute more new CFGs as well. Adh, for instance, is a short, conserved, widely expressed gene. Second, Conant and Wagner (37) have recently shown that a subset of gene duplications show strong asymmetric amino acid divergence. One might expect this pattern to be true of duplication-derived fusion genes as well (Adh and the CFGs discussed here fit this pattern.). Third, the shift in protein sequence may be accompanied by a shift in expression pattern. Although too little is known to answer this question conclusively, the current data suggest that a shift in expression pattern may occur but is not required. jingwei has a much more limited expression pattern than Adh, although Adh can be found in most of the tissues where jingwei is expressed. Like jingwei, AdhFinnegan in some species is expressed only in a subset of the tissues that express Adh. Adh-Twain, however, appears not to have shifted its expression, because Adh-Twain, like Adh, is broadly expressed. Nevertheless, the fine-scale expression patterns of these genes are too poorly known to for a strong test for a shift in expression. Many of these questions will become tractable as more genomes are sequenced and more CFGs are discovered.
